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ABSTRACT: The reaction rates of Cr(III) oligomers with partially hydrolyzed (PAAm)
polyacrylamide were measured. The oligomers were prepared in relatively pure form
using liquid chromatography, allowed to react with polymer, quenched, and then sepa-
rated using equilibrium dialysis. In the pH range of 4–5, Cr(III) concentrations in the
range of 8–30 ppm and polymer concentrations in the range of 4000–20,000 ppm,
reaction rates increased with increasing oligomer size, concentration, and pH. Gelation
rates determined using rheological measurements were found to follow closely the
Cr(III) reaction rates. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 64: 1381–1391, 1997

INTRODUCTION lation times for the higher molecular weight oligo-
mers being particularly rapid.5,6 The pH ranges

Cr(III) solutions are commonly used with dilute over which gelation occurs also increase as the
solutions of polymers with carboxyl side chains to size of the oligomer increases.7 The amounts of
form in situ gels in heterogeneous and/or frac- total Cr(III) necessary for gelation generally de-
tured oil reservoirs where they divert displace- crease as the oligomer size increases.6

ment fluids from high permeability to lower per- The broader ranges of gelation times and us-
meability reservoir zones. A typical gelling solu- able gelling solution pH values obtained from us-
tion preparation technique is addition of a ing the different-sized Cr(III) oligomers indicate
monomeric Cr(III) salt solution to a polymer solu- the possibility of using mixtures of Cr(III) oligo-
tion. Until recently, it was generally assumed that mers to perform permeability modification treat-
the Cr(III)) remained in monomeric form during ments over wider ranges of field conditions than
the gelation.1,2 The results of recent studies, how- those currently possible with the commonly used
ever, indicate that under typical gelation condi- monomeric Cr(III) –polymer systems. The lower
tions, Cr(III) also reacts with itself to form higher Cr(III) concentrations necessary for gelation with
molecular weight Cr(III) oligomers [Cr(III) the Cr(III) dimer and trimer6 indicate that sig-
oligomerization].3,4

nificantly lower levels of total Cr(III) are possible
The Cr(III) oligomers potentially present in if higher molecular weight oligomer solutions are

Cr(III) –polymer gelling solutions have different used instead of Cr(III) monomeric salt solutions.
gelation characteristics. The rates of gelation in- However, in order to utilize the different Cr(III)
crease with increasing oligomer size, with the ge- oligomers in permeability modification treat-

ments, more quantitative information on the reac-
tions of the oligomers with carboxyl-containingCorrespondence to : D. W. Green.

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/071381-11 polymers is necessary. In this study, the reactions
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1382 DONA, GREEN, AND WILLHITE

was maintained. These experimental conditions
were chosen because they resulted in H/ and
PAAmcarboxyl concentrations which remained
approximately constant during the experiments,
allowed for adequate mixing of the gelling solu-
tions, produced reasonable gelation times, and al-
lowed relatively good accuracy in the Cr(III) con-
centration measurements.8

Preparation and Characterization of the Cr(III)
Purified Oligomer Solutions

Stock solutions of chromic perchlorate were pre-
pared by reducing CrO3 with 30% H2O2 in the
presence of an excess of perchloric acid, followed
by neutralization to pH 3 with NaHCO3. Chromi-
um(II) perchlorate was prepared by passing the
chromic perchlorate stock solution through zinc
amalgam in a Jones reductor. The Cr(II) solution

Figure 1 Cr(III) oligomers. was oxidized to a mixture of monomer, dimer, tri-
mer, and higher Cr(III) oligomers by bubbling
vigorously with O2 gas for 30 min.of Cr(III) monomer, dimer, and trimer (Fig. 1) The multioligomer solution was adsorbed ontowith partially hydrolyzed polyacrylamide (PAAm) a Sephadex C-25 ion exchange column. Thewere followed to assess the effects of oligomer Cr(III) monomer, dimer, and trimer were succes-type, pH, oligomer concentration, and PAAm con- sively eluted by solutions of sodium perchloratecentration on the reactions of Cr(III) oligomers of increasing salt concentration and decreasingwith PAAm. Rates of gelation of the solutions pH with the purple monomer being eluted first,were also monitored with rheological measure- the blue-green dimer second, and the green trimerments on the reacting systems. third. The oligomer solutions were collected off
the early portions of each color band to minimize
the concentrations of higher molecular weightEXPERIMENTAL SYSTEM oligomers in each purified solution.

The monomer, dimer, and trimer were identi-
Experimental Conditions fied from their UV absorption spectra.9,10 The

Cr(III) concentrations of the oligomer solutionsTwo types of experiments were performed. The
first consisted of experiments that followed the were determined by oxidation of the Cr(III) to

Cr(VI) with excess 30% H2O2 under alkaline (pHreaction of free solution Cr(III) with PAAm
(termed here the uptake reaction) in gelling solu- 11–12) conditions and measurement of the UV

absorbance at 374 nm.8 NaClO4 concentrationstions prepared from essentially pure monomer,
dimer, or trimer oligomer solutions. The second were determined from the oligomer solution den-

sities and a standard curve of density versustype consisted of rheological measurements that
followed the relative rates of gelation of solutions NaClO4 concentration.8

The oligomer solution purities were establishedof the same concentrations as those used in the
uptake reaction experiments. by oligomer separation on an analytical liquid

chromatography (HPLC) column, followed by con-Two sets of experimental conditions were used
to characterize the uptake and gelation processes. version of the HPLC oligomer peak heights to

oligomer concentrations. A Wescan cation-ex-The first set used 25 ppm Cr(III) , PAAm concen-
trations between 4400 and 19,800 ppm, 1M change column (Cat. No. 269–004) and a Wescan

Cation guard column (Cat. No. 269081) in seriesNaClO4, and an initial gelling solution pH value
of 4. The second set used 10 ppm Cr(III) , 15,000 with a Waters Chromatograph pump (Model

6000A), an in-line Waters 490 Programmableppm PAAm, 1M NaClO4, and an initial solution
pH of 5. For both systems, 0.01M NaOH was used Multiwavelength UV detector (3 mm path length

and 2.7 mL volume), and a Cole–Parmer chartto adjust the pH and a base temperature of 257C
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CR(III) OLIGOMERS WITH POLYACRYLAMIDE 1383

recorder (Model No. 8373–20) were used with a at a temperature of 257C. At specified times, a
sample was removed, quenched, and placed in aRheodyne 100 mL injection loop (Model 7125).

The oligomers were separated using 0.4M dialysis cell where free Cr(III) oligomer moved
across the dialysis membrane and equilibrated.Mg(NO3)2 eluant solution adjusted to pH 2.5 with

6 N HNO3. The monomer and dimer solutions Measurement of the Cr(III) concentration on both
sides of the cell, after equilibration, allowed calcu-were separated at an eluant flow rate of 1 mL/

min. The trimer was separated from the monomer lation of the amount of Cr(III) that had reacted
with the PAAm.and dimer at a flow rate of 2 mL/min. The oligo-

mer HPLC peak heights at the wavelengths char- During the reaction phase, the pH of the solu-
tion was held constant through the addition ofacteristic of each species (monomer; 408, 576 nm;

dimer; 418, 582 nm, trimer: 426, 584 nm8) were 0.01M NaOH using an automatic titrator. The
titrator system consisted of a Fisher Model 380measured at their characteristic HPLC elution

times and converted to oligomer concentrations titrator with a Fisher pH and reference electrode
pair, a Fisher Model 383 AEP Demand Module,through standard curves. Higher oligomers were

not present in concentrations that could be de- and a Fisher Model 395 Burrett Dispenser. An
outer reference electrode fill solution of 1Mtected in the purified monomer solutions. The di-

mer solution contained less than 5% monomer Na2SO4 was used instead of the saturated KCl
solution supplied with the electrode to avoid theand no detectable trimer. The trimer solutions

contained less than 5% monomer and/or dimer. formation and precipitation of KClO4 on the refer-
ence electrode junction. Temperature was keptStock oligomer solution concentrations were de-

termined by conversion of the Cr(III) to Cr(VI) constant at 257C with a circulating, constant-tem-
perature water bath.with H2O2 and base, followed by measurement of

the UV absorbances at 374 nm.8 Samples were removed periodically and the
Cr(III) –PAAm reactions were quenched by dilut-
ing the samples in 1 : 10 or 1 : 20 gel/brine ratios

Preparation and Characterization with 1M NaClO4 brine. Five milliliters of the di-
of the PAAm Solutions luted gel sample were placed on the retentate side

of a dialysis cell, and 5 mL of 1M NaClO4 brineThe polymer used was a 2.3% partially hydrolyzed
polyacrylamide. Stock PAAm solutions with nomi- at the gelling solution pH were placed on the diffu-

sate side of the dialysis cell. A 0.05 micron Micro-nal concentrations of 20,000–30,000 ppm were
prepared from Aldrich PAAm (cat. 18,127–7. Lot pore polycarbonate filter separated the retentate

and diffusate chambers and allowed free move-9; nominal MW 5–6,000,000). The PAAm was
added to 1M NaClO4 brine solutions, stirred for ment of the unreacted oligomers and solvent while

preventing the movement of the PAAm and the3 days, and allowed to set for at least 5 days before
use in preparation of the gelling solutions. The Cr(III) attached to the PAAm.8 The dialysis cells

consisted of circular, Teflon discs with a inner di-solutions were stored at 47C between runs, with
the PAAm solutions for each experiment being alysis volume of approximately 7 cm3.1 The filled

dialysis cells were continuously rotated in a 257Cplaced in a 257C water bath 12 h before runs.
The PAAm amide UV absorbances were mea- water bath for 3 h, during which time equilibrium

of the free-solution oligomers between the reten-sured at 236 nm and converted to PAAm concen-
trations through standard curves of UV ab- tate and diffusate chambers was obtained.8

After removal of the retenate and diffusate so-sorbance vs. PAAm concentration, constructed us-
ing purified PAAm solutions.8 PAAm/carboxyl lutions from the dialysis cells, excess NaOH and

H2O2 were added to convert the Cr(III) to Cr(VI)concentrations were obtained by multiplying the
PAAm concentrations by 0.023, the fraction of the and the PAAm to gaseous byproducts.8 After 4–8

days, the Cr(VI) concentrations of the retentatePAAm side groups that were carboxyl groups.11

and diffusate solutions were measured at 374 nm
on a Perkins–Elmer Lambda 3 UV spectropho-

Measurement of the Rate of Cr(III) Oligomer tometer. Samples were degassed in a sonic mixer
Uptake by PAAm for approximately 5 min before readings were

taken. Cr(VI) concentrations were determinedThe method for determining rate of uptake con-
sisted of first mixing a measured amount of from the UV absorbances and a standard Cr(VI)

vs UV absorbance curve. Experiments performedCr(III) oligomer with a known concentration
PAAm solution. The mixture was allowed to react on gels prepared with standard Cr(III) solutions
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indicated that measured Cr(VI) concentrations Effect of Oligomer Type on the Oligomer–PAAm
Uptake Rateswere within 6% of the true concentrations. The

measured Cr(VI) concentrations on the diffusate
Representative data showing the effect of oligo-side of the cells represented free Cr(III) . It was
mer type on the rate of oligomer uptake by PAAmassumed that the free Cr(III) concentration on
are shown in Figures 2–3. For the comparisonsthe retentate side was the same as the measured
presented in each figure, pH, overall Cr(III) con-value on the diffusate side. Because volumes were
centration, and PAAm concentration were ap-equal on the two sides of the cell, fractional free
proximately the same. The essential differenceCr(III) concentrations were determined by divid-
was oligomer type. The results showed that theing twice the diffusate concentration by the sum
uptake rate was fastest for the trimer and slowestof the measured diffusate and retentate concen-
for the monomer at pH values of both 4 and 5.trations.

Additional comparisons are shown in Table II,
where amounts of monomer, dimer, and trimer
reacting with PAAm at 3 h (pH 4) and 1 h (pHMonitoring of Gelation Rates Using
5) are summarized for several runs. SeparateRheological Measurements
oligomerization experiments8 indicated that, for
these reaction times, less than 6% of the originalImmediately after preparation of a gelling solu-

tion, a volume of 29 mL was placed in a Bohlin oligomers had formed higher molecular weight
oligomers. Therefore, the amounts of oligomer up-Rheologi-controlled stress rheometer using a dou-

ble-gap geometry. The temperature was main- take in Table II are representative of the mono-
mer, dimer, and trimer uptake reactivity with thetained at 257C through a Neslab Instruments Inc.

temperature control unit designed specifically for PAAm. For longer reaction times, interpretation
of the results in terms of individual oligomer reac-use with the Bohlin Rheologi rheometer and con-

trolled through a Bohlin CS rheometer interface. tivities is less definitive because the potential for
significant amounts of higher molecular weightA 29 cp standard oil was applied to the exposed

outer and inner fill surfaces of the gelling solution oligomer products increases with reaction time.3

The results in Table II also show that the up-to prevent evaporation. The gelling solution was
submitted to intermittent oscillation (5 s/180 s) take rates are fastest for the trimer and slowest

for the monomer. The rates of dimer and trimerat a frequency of 1 Hz, with rheological measure-
ments being taken every 3 min. The oscillatory reaction are greater than those expected from as-

suming equal molar rates of reaction, suggestingstress was held constant, with the oscillatory
strain (initially 0.28) decreasing as the gelations that dimer and trimer are more reactive on a mo-

lecular level with the PAAm than the monomer,proceeded. The gelling solution rheological data
were collected and converted to storage moduli with the trimer particularly exhibiting high reac-

tivity with the PAAm.(G * ) and loss moduli (G 9 ) values using software
provided by Bohlin with a Compaq DESKPRO
386/20e personal computer connected to the Boh-
lin CS rheometer interface. Effect of PAAm Concentration on the

Oligomer–PAAm Uptake Rates

The effect of PAAm concentration on oligomer–
Cr(III) –PAAm UPTAKE REACTION: PAAm uptake rate was examined by performing
RESULTS AND DISCUSSION a series of runs for each oligomer. In each series,

pH was initially set at 4 and Cr(III) concentra-
tions were approximately equal, but three differ-The effects of oligomer type, PAAm concentration,

and gelling solution pH on the rates of monomer, ent PAAm concentrations were used. Data for the
three trimer runs are given in Figure 4 and thedimer, and trimer uptake by PAAm were ex-

plored. Three sets of runs were performed for each data for all the PAAm concentration comparison
runs are listed in Table II. The increase in uptakeof the oligomer types and PAAm concentrations

used. Run conditions are summarized in Table I. rate with PAAm concentration is consistent with
the trends found by Hunt1 and Lockhart,12 whoRepresentative data are shown in Figures 2–5

where the ratio of free Cr(III) to total Cr(III) in investigated the reaction of Cr(III) monomeric
salt solutions with PAAm.the system is plotted as a function of time.
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Table I Summary of the Experimental Conditions for the Uptake Runs

Run No.a [Cr(III)] (ppm) [Cr(III)] (mM)b [PAAm] (ppm) Average pH

monupt1 27.3 0.558 8,782 3.97
monupt2 25.4 0.519 13,441 4.06
monupt3 30.6 0.625 14,857 3.98
monupt4 27.3 0.558 19,908 4.02
monupt5 10.9 0.225 15,000 4.99
dimupt1 25.3 0.258 8,427 3.95
dimupt2 24.3 0.248 14,415 3.96
dimupt3 17.3 0.177 19,274 3.97
dimupt4 8.3 0.085 15,050 5.05
triupt1 24.7 0.168 4,433 3.90
triupt2 24.1 0.164 8,633 3.92
triupt3 22.8 0.155 13,153 3.93
triupt4 19 0.130 14,667 3.94
triupt5 7.4 0.050 14,657 3.95
triupt6 7.6 0.051 14,923 3.94
triupt7 10.8 0.074 14,045 4.98

a Monomer, dimer, and trimer runs are designated by mon, dim, and tri, respectively.
b Concentrations are in mM oligomer.

Effect of Gelling Solution pH on the GELATION RESULTS AND DISCUSSION
Oligomer–PAAm Uptake Rates

The effects of oligomer type, concentration, andThe effect of solution pH was studied by compar-
solution pH on gelation rate were examined bying trimer uptake runs, at comparable oligomer
following the storage (G * ) and loss (G 9 ) moduliand PAAm concentrations, at pH 4 and 5. The
as functions of time. Two relative measures of theresults given in Figure 5 and Table II indicate
rates of gelation were used that are based on rheo-that uptake rates increase with increasing pH.
logical measurements. The first was the initialThe trimer–PAAm uptake is particularly rapid at
slope of the curve of storage modulus (G * ) vs.pH 5, where 90% of the trimer had reacted with
time.2,13,14 As discussed in the uptake section, in-the PAAm by the time the first sample was taken,
significant amounts of higher molecular weightapproximately 5 min after the start of the addition
oligomers were present during the initial experi-of the stock trimer solution to the PAAm solution.
mental time periods. The initial slopes of G * vs.Runs triupt 5 and triupt 6 in Figure 5 are at com-
time were then relative measures of the rate ofparable conditions and indicate the level of repro-

ducibility.

Figure 3 The effect of oligomer type on the fractional
uptake at pH 5 using 8.3–10.9 ppm Cr(III) andFigure 2 The effect of oligomer type on the fractional

uptake at pH 4 using 24.1–27.3 ppm Cr(III) and 8427– 14,045–15,050 ppm PAAm (monupt5, dimupt4, tri-
upt7, Table I) .8782 ppm PAAm (monupt1, dimupt1, triupt3, Table I).
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Table II Comparison of Amounts of Oligomers Reacted with PAAm at Early Times

Uptake Reaction % Monomer % Dimer % Trimer
[PAAm] (ppm) pH [Cr(III)] (ppm) Time (h) Reacted Reacted Reacted

4433 4 24.7 3 57
8427–8782 4 24.1–25.3 3 6 15 65

13,153–14,415 4 22.8–25.4 3 7 20 78
19,274–19,908 4 17.3–27.3 3 8 30
15,000–15,050 5 8.3–10.9 1 10 47 87
14,657–14,923 4 7.4–7.6 1 52

gelation for the monomer, dimer, and trimer solu- significantly less than the final G * achieved dur-
ing the experiment.tions. In the second method, gelation time was

The initial slopes of G * vs. time and G *-G 9defined as the time where the G * value had in-
crossing times shown in Table III indicate that atcreased to the value of the loss modulus
comparable total Cr(III) concentrations (similar(G 9 ) .12,15,16 It was assumed that at this condition
ppm), the rates of gelation are slowest with thethe gelling solution solid or elastic properties, as
monomer, more rapid with the dimer, and signifi-represented by the G * value, were equal to the
cantly faster with the trimer. The increase in gela-liquid or viscous properties, as represented by
tion rate with increasing oligomer size is evenG 9.16 Because of the sensitivity of the initial G *
more apparent when molar oligomer concentra-values to PAAm concentrations, the increases in
tions are compared. Because the trimer and dimerG * values above the zero-time G * values were
molar concentrations are 1

3 and 1
2 of the monomerused for the direct graphical comparisons.

concentrations, the large trimer G * slopes indi-
cate that the trimer was as much as 100 times

Effect of Oligomer Type on the Rate of Gelation more reactive on a molecular basis than the dimer
or monomer. The rapid rates of gelation that occurThe effect of oligomer type on the rate of gelation with the trimer confirm the qualitative results ofwas examined for three sets of conditions for pH, Fei and Mertes,6 who found spontaneous gelation

and Cr(III) and PAAm concentrations. Represen- upon mixing trimer with PAAm solutions in sys-
tative G *-vs.-time data for one set of conditions tems using 80 ppm trimer, 5000 ppm PAAm, and
are shown in Figure 6, with gelation parameters a gelling solution pH of 4.5.
for all systems listed in Table III. G * values in-
creased with time and often did not reach a maxi- Effect of Oligomer Concentration

on the Gelation Ratemum during the time of the experiment. G * values
at the time when G * became equal to G 9 were The effect of oligomer concentration on gelation

rate was examined by running gelation experi-

Figure 5 The effect of pH on the fractional uptake ofFigure 4 The effect of PAAm concentration on the
fractional uptake of trimer at pH 4 using 22.8–24.7 trimer using 7.1–10.8 ppm Cr(III) , 14,045–14,923

ppm PAAm, and pH values of 4 (triupt5 and triupt6)ppm Cr(III) and 4433 ppm (triupt1), 8,633 ppm (tri-
upt2), and 13,153 ppm (triupt3) PAAm (Table I) . and 5 (triupt7) (Table I) .
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Table III Comparison of the Initial G * vs. Time Slopes and the G *–G 9 Crossing Times
for the Oligomer–PAAm Gelation Runs

Gelation Initial Slope G *–G 9 Crossing Time
Run pH [Cr(III)] (ppm) [Cr(III)] (mM)a [PAAm] (ppm) (Pa/h) (h)

mongel1 4 21.9 0.447 15,309 0.0255 47
mongel2 4 24.6 0.502 15,462 0.0313 no crossing up to 24 h
dimgel1 4 21 0.215 14,766 0.0631 25
dimgel2 4 21 0.215 14,828 0.0644 no crossing up to 14 h
trigel1 4 19 0.129 14,666 0.951 1.6
trigel2 4 21 0.143 14,980 1.10 1.9
mongel3 4 11.7 0.238 14,965 0.0080 no crossing, up to 67 h
dimgel3 4 10.9 0.111 14,980 0.024 no crossing up to 25 h
trigel3 4 7.4 0.050 14,715 0.295 11.3
trigel4 4 7.6 0.051 14,963 0.299 8.4
mongel4 5 10.9 0.225 15,000 0.19 15
dimgel4 5 8.3 0.085 15,050 0.19 24.3
trigel5 5 10.8 0.074 14,045 1.10 2.6

a Cr(III) concentrations are in mM oligomer.

ments for each oligomer at two different Cr(III) Effect of pH on the Gelation Rate
concentrations. For comparison purposes, the G *

The effect of pH on the rate of gelation was exam-slope and G *-G 9 crossing times from the replicate
ined by performing gelation experiments withruns at the higher Cr(III) concentrations were
each oligomer type at gelling solution pH valueseach averaged and then compared against the val-
of 4 and 5. The monomer comparative runs areues from the runs at the lower Cr(III) concentra-
shown in Figure 8, with the G * slopes and G *-G 9tion in Table IV. For each oligomer, the initial
crossing times from the complete set of runs listedslopes of the G * vs. time curves are higher for the
in Table V. With each oligomer, the slopes of thehigher oligomer concentration. The slope ratios
plots of G * vs. time increase with pH, with theare 30–80% higher than the oligomer molar ra-
largest increase (2400%) occurring between thetios, indicating that the relative gelation rates in-
monomer solutions and the smallest increasecrease above that expected from a linear depen-
(370%) occurring between the trimer solutions.dence of gelation rate on oligomer concentration.

Representative data for the dimer runs are shown
in Figure 7.

COMPARISON OF THE RELATIVE RATES
OF UPTAKE AND GELATION

Six of the uptake and gelation runs were per-
formed at comparable oligomer type, pH, and
Cr(III) and PAAm concentrations.8 This allowed
the comparison of the relative rates of uptake and
gelation through crossplotting the fractional
Cr(III) reacted with the PAAm against the in-
crease in G * with time.

During the initial time periods for all the mono-
mer, dimer, and trimer runs, the increases in G *
approximately paralleled the increases in the
oligomer–PAAm uptake,8 as illustrated in Fig-
ures 9–11. In these figures, increases in storageFigure 6 The effect of oligomer type on the increase
modulus and relative amount of chromium re-in G * for the gelation runs at pH 4 using 7.4–11.7 ppm
acted are plotted vs. time. For the pH 4 and pHCr(III) and 14,657–14,965 ppm PAAm (mongel3, dim-

gel3, trigel3, trigel4, Table III) . 5 monomer and dimer runs, the increases in G *
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Table IV Effect of Oligomer Concentration on the Rates of Gelation

Average Ratio, Average Initial Slope Ratio, Slope1/ G *–G 9 Crossing
Gelation Run(s) [Cr(III)] (ppm) [Cr]1/[Cr]2

a (Pa/h) Slope2
a Time (h)

mongel1 and mongel2 23.3 2.0 0.0285 3.56 47
mongel3 11.7 0.008 no crossing
dimgel1 and dimgel2 21 1.91 0.0638 2.66 25
dimgel3 10.9 0.024 no crossing
trigel1 and trigel2 20 2.67 1.02 3.43 1.7
trigel3 and trigel4 7.5 0.297 10.6

a [Cr]1 is the higher Cr(III) concentration, [Cr]2 is the lower concentration.

and uptake increased in parallel for most of the oligomer. The oligomer uptake is then described
by eq. (1).8experimental time periods, whereas the G * values

in the trimer runs continued to slowly increase
after most of the trimer uptake had occurred. This d [Cri ]

dt
Å0ki (op ) [Cri ] li [PAAmcarboxyl]mi

fn ( [H/] )
(1)indicates that the uptake and gelation reactions

generally occurred over the same time frame, with
the delayed gelation reactions in the trimer runs where Cri is the Cr oligomer with i Cr (III) atoms.
possibly resulting from higher molecular weight Previous studies indicate that the reaction be-
oligomer gelation reactions. In all the oligomer– tween monomeric Cr(III) and the carboxyl group
polymer systems, however, the majority of the ge- is approximately first order in Cr(III) and car-
lation, as indicated by the increases in G *, closely boxyl, with an inverse [H/] dependence.8 Assum-
followed in time the uptake of the oligomers by ing that the first-order Cr(III) and carboxyl de-
the PAAm. pendencies and inverse [H/ ] dependencies apply

to the oligomer–PAAm carboxyl reactions here,
eq. (1) then becomes eq. (2).Modeling of the Oligomer–PAAm Uptake Data

A model of the oligomer–PAAm uptake could be d [Cri ]
dt

Å0ki (op)[Cri ] [PAAmcarboxyl]
[H/ ]

. (2)used to predict both the uptake and gelation rates,
because the gelation reaction closely followed the
uptake of the oligomers by the PAAm. Assuming Using the experimental conditions of relatively
that the rates of oligomerization are small com- constant H/ and PAAmcarboxyl concentrations,
pared to the rates of oligomer–PAAm uptake, the a pseudorate constant, k *i ( op ) , was defined
gelling solution is assumed to contain only one with eq. (2) becoming eq. (3), whose solution is

then eq. (4).

d [Cri ]
dt

Å 0k *i (op ) [Cri ]

where

k *i (op ) Å ki (op ) [PAAmcarboxyl]
[H/ ]

(3)

lnS [Cri (t ) ]
[Cri (total) D Å 0k *i (op )t . (4)

Figure 7 The effect of dimer concentration on the in-
If this model, referred to here as the elemen-crease in G * for the gelation runs at pH 4 using 10.9

tary reaction model with assumed low rates ofppm Cr(III) (dimgel3) and 21 ppm (dimgel1 and dim-
gel2) (Table III) . oligomerization (ERLO), correctly describes the
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Table V Effects of the Gelling Solution pH on the Rates of Gelation

Average G *–G 9
Average Initial Slope Ratio, Crossing

Gelation Run(s) pH [Cr(III)] (ppm) (Pa/h) SlopepH5/SlopepH4 Time (h)

mongel3 4 11.7 0.008 no crossing
mongel4 5 11 0.19 24 15
dimgel3 4 10.9 0.024 no crossing
dimgel4 5 8.3 0.19 7.9 24
trigel3 and trigel4 4 7.4 0.295 10.6
trigel5 5 11 1.1 3.7 2.6

experimental uptake data, a plot of the ln(Cri (t ) / Cr(III) , first-order PAAm dependencies found in
other studies for the Cr(III) –carboxyl systemsCri (total)) values vs. time would be linear with

the slopes equal to k *i (op ) . In addition, the values could be applied to the oligomer–PAAm systems
here under the conditions where relatively lowof k *i (op ) [H/ ] would be linear with PAAmcar-

boxyl concentration with slopes of ki (op ) . rates of oligomerization were expected.
The results from the pH 4 monomer data wereThe model was first tested on the pH 4 mono-

mer uptake data where relatively low rates of compared against the results obtained by Hunt,1

who performed experiments using monomericoligomerization were expected.8 The first-order
Cr(III) dependence was checked by performing Cr(III) salts with PAAm in a 0.1M KNO3 brine.

Linear regressions were performed on theregressions on the ln([Cr (t ) ] / [Cr (total)]) values
vs. time. The regressions were performed with Cr(III)) uptake data from the pH 4, 5000 ppm

PAAm, 50 ppm Cr(III) system of Hunt where rel-JMP-IN, a SAS-equivalent Macintosh statistics
software program. Good agreement was obtained atively small amounts of oligomerization were ex-

pected.8 Regressions were performed with bothbetween the regressed and experimental ln([Cr-
(t ) ] / [Cr (total)]) values (Fig. 12) with relatively the Cr(III) order obtained by Hunt (1.32) and

the first-order Cr(III) order obtained here. Thehigh goodness of fit values (0.94–0.96).8 A linear
regression was then performed on the experimen- goodness of fit values were essentially identical

(0.953–0.954), indicating that Cr(III) order wastal k *1(op ) [H/] values vs. the PAAmcarboxyl con-
centrations, yielding a regression line slope relatively insensitive over the Cr(III) uptake

range used here for modeling. Assuming a first-(k1(op ) ) of 1.07 1 1004 h01 with a goodness of fit
of 0.944.8 The combination of the good linear fits order Cr(III) dependence and a linear [PAAm]

dependence, a k1(ol ) value of 1.43 1 1003 h01 wasof the ln([Cr (t ) ] / [Cr (total)] values with time
and the k *1(op ) [H/] values with PAAmcarboxyl obtained for the Hunt data, approximately 13

times higher than the k1(ol ) of 1.07 1 1004 h01concentration indicated that the first-order
obtained here in 1M NaClO4. The higher rate con-

Figure 9 Comparison of the fractional uptake andFigure 8 The effect of pH on the increase in G * for the
monomer gelation runs using 10.9–11.7 ppm Cr(III) , the increase in G * for the pH 4, 21–24.3 dimer, 14,415–

14,879 ppm PAAm uptake and gelation runs (dimupt2,14,965–15,000 ppm PAAm, and pH values of 4
(mongel3) and 5 (mongel4) (Table III) . Table I; dimgel1, dimgel2, Table III) .
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1390 DONA, GREEN, AND WILLHITE

Figure 10 Comparison of the fractional uptake and
Figure 12 Plots of the experimental and ERLO-increase in G * for the pH 5, 10.9 ppm monomer, 15,000
model ln(Cr (t ) /Cr (total)) values for the pH 4 mono-ppm PAAm uptake and gelation run (monupt5, Table
mer uptake runs at different PAAm concentrations (seeI; mongel4, Table III) .
Table I for descriptions of the experimental conditions
for the individual runs).

stant obtained with the Hunt data indicates that
the uptake reaction was significantly faster in the

equilibrium. These possibilities are explored inHunt 0.1M KNO3 brine as compared to the reac-
more depth by Dona.8tion in 1M NaClO4 brine.

The ERLO model was also applied to the dimer
and trimer pH 4 runs where several different

SUMMARY AND CONCLUSIONSPAAm concentrations were used. Both sets of data
showed model deviations from the experimental

The uptake and gelation reactions of Cr(III)data, with deviations occurring primarily in the
monomer, dimer, and trimer with partially hy-initial time periods for the dimer runs and for
drolyzed (2.3% carboxyl groups) PAAm were in-both the initial and late reaction time periods for
vestigated. The rates of the uptake and gelationthe trimer runs.8
reactions increased with increasing oligomer size,There are several possible explanations for the
oligomer concentration, and solution pH. The ge-lack of model fits to the dimer and trimer data
lation reactions, as indicated by the gelation timesincluding the occurrence of significant oligomer-
and the increases in the gelling solution G * val-ization during the uptake reaction, rapid initial
ues, closely followed in time the uptake of oligo-oligomer uptake during gel solution preparation,
mers by the PAAm.a difference in reactivity between oligomers and

In the pH 4 monomer uptake runs, where rela-oligomer products, mass transfer limitations due
tively low ratios of oligomerization-to-uptaketo increases in the gelling solution viscosity, and
rates occurred, a good fit to the data was obtainedresidual free-solution oligomer concentration at
using an uptake model that was based on the as-
sumptions of elementary reactions and low oligo-
merization rates (the ERLO model) . The ERLO
model did not, however, fit the dimer or the trimer
data in a satisfactory manner.

NOMENCLATURE

Cr (t ) Å amount of free chromium in the sys-
tem at time t

Cr (total) Å total amount of chromium in the
system

G * Å storage modulusFigure 11 Comparison of the fractional uptake and
G 9 Å loss modulusincrease in G * for the pH 4, 19–22.8 ppm trimer,

ki (op ) Å uptake rate constant of the reaction13,153–14,980 ppm PAAm uptake and gelation runs
(triupt3, Table I; trigel1, trigel2, Table III) . of the primary oligomer with PAAm-
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leum Chemistry, ACS, Toronto, Ontario (Junecarboxyl (h01)
1988).pseudofirst-order uptake rate con-k *i (op ) Å

6. R. Fei and K. B. Mertes, in Gelled Polymer Systemsstant for the reaction of the primary
for Permeability Modification in Petroleum Reser-oligomer with PAAmcarboxyl Å ki (op)
voirs, G. P. Willhite, D. W. Green, J. T. Thiele,1 [PAAmcarboxyl]/[H/]
C. S. McCool, and K. B. Mertes, eds., DOE/ID/li Å Cr(III) rate order for the uptake of 12846–6, 1991.

the primary oligomer with PAAmcar- 7. R. Fei and K. B. Mertes, Unpublished data, Univer-
boxyl sity of Kansas, 1989.

mi Å PAAmcarboxyl rate order for the up- 8. C. L. G. Dona, Doctoral Dissertation, University of
take of the primary oligomer with Kansas, 1993.

9. H. Stunzi and W. Marty, Inorg. Chem., 22, 2145PAAmcarboxyl
(1983).t Å time

10. G. Thompson, Kinetic Polymerization in Cr(III) So-fn[ ] Å function of concentration of indicated
lutions, Lawrence Radiation Laboratory Reportspecies
UCRL-11410, 1964.[ ] Å concentration of indicated species

11. J. E. Tackett, Unpublished data, Marathon Oil,
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